L ipid-loaded macrophages, or foam cells, are characteristic of the atherosclerotic lesion. The lipids are stored in cytosolic lipid droplets, 1 which have been suggested to consist of a core of neutral lipids (cholesterol esters or triglycerides) surrounded by a monolayer of amphipathic structures such as phospholipids and proteins. 2 The most well known of these proteins are the PAT proteins perilipin, adipocyte differentiation-related protein (ADRP), and tailinteracting protein 47. 2 ADRP is the predominant PAT protein of the lipid droplets in macrophages 3 and is present on newly formed droplets. 4 It been shown to strongly influence the formation of lipid droplets. 2, 5 Phospholipase D1 (PLD1), which catalyzes the formation of phosphatidic acid, has been shown to have an important role in the assembly of lipid droplets. 6 The atherosclerotic lesion is characterized by regions of hypoxia. 7 The role of hypoxia in the development of the lesion is unknown. However, hypoxia has been shown to reduce macrophage migration. 8 Moreover, our previous results indicated that hypoxia resulted in an increased expression of 15-lipoxygenase-2 in macrophages, which correlated with an increased ability of the macrophage to participate in the oxidation of low-density lipoprotein (LDL). 9 Furthermore, hypoxia caused an increase in the secretion of interleukins. 10, 11 Together, these observations suggest that the influence of hypoxia on macrophages is of fundamental importance for the inflammation that characterizes the atherosclerotic lesion. It was demonstrated recently that leukocytes respond to an inflammatory stimulus by the accumulation of cytosolic lipid droplets, which may themselves have an important role in this inflammatory response. 12 We investigated the importance of hypoxia on lipid metabolism in macrophages. Our results show that hypoxia increases the formation of triglyceride-containing lipid droplets in the cell by increasing the expression of ADRP and the rate of triglyceride biosynthesis and by reducing the rate of ␤-oxidation of fatty acids.
Materials and Methods
For detailed Material and Methods, please see the online supplement, available at http://atvb.ahajournals.org.
Results

Hypoxic Treatment of Human Macrophages Results in Increased Accumulation of Triglyceride-Containing Cytosolic Lipid Droplets
Exposure of human macrophages to a hypoxic environment (1% oxygen) for 24 hours resulted in a 3.9Ϯ2.8-fold (nϭ3; PϽ0.001) increase in the size of the pool of cytosolic lipid droplets (measured as the total area of Oil Red O-stained lipid droplets) ( Figure 1A and 1B). This corresponded with an increase in the amount of cellular triglycerides from 0.334Ϯ0.057 g/g cell protein in control cells to 0.577Ϯ0.087 g/g cell protein in the cells exposed to hypoxia (PϽ0.001; Figure 1C ). Neither the amount of cholesterol nor that of cholesterol ester was influenced by hypoxia ( Figure 1D and 1E) .
Exposure to hypoxia for up to 72 hours did not have any effect on cell viability (measured by trypan blue exclusion) nor on caspase 3 activity (the principal effector caspase of apoptosis 13 ; supplemental Figure IA and IB, available online at http:// atvb.ahajournals.org), arguing against the possibility that accumulation of lipid in the hypoxic macrophages is the result of phagocytosis of cells that had died during the hypoxia.
To address the possibility that the accumulation of triglycerides was caused by keeping the cells in culture, we investigated the effect of incubation with oxidized LDL (oxLDL). Treatment with oxLDL under normoxic conditions resulted in a 3.4Ϯ2.9-fold (PϽ0.001) increase in the pool of cytosolic lipid droplets (Figure 2A and 2B) , verifying the observations that such treatment can convert macrophages into foam cells. 14 This increase corresponded with an increase in the cellular content of cholesterol ester from 0.0081Ϯ0.0016 to 0.0484Ϯ0.0221 g/g cell protein (PϽ0.001; Figure 2C ). There were no increases in the cellular levels of triglycerides ( Figure 2D ).
When the incubation with oxLDL was performed under hypoxic conditions, there was a 1.8Ϯ1.3-fold (PϽ0.001) increase in the pool of cytosolic lipid droplets compared with cells incubated with oxLDL under normoxic conditions ( Figure 3A and 3B). However, there was no increase in the cellular content of cholesterol esters ( Figure 3C ). In contrast, the level of cellular triglycerides increased from 0.423Ϯ0.056 g/g cell protein in cells incubated with oxLDL under normoxic conditions to 0.778Ϯ0.228 g/g cell protein in cells incubated with oxLDL under hypoxic conditions ( Figure 3D ). The level of cellular-free cholesterol after incubation with oxLDL was not affected by hypoxia ( Figure 3E ).
Accumulation of Triglycerides in Hypoxic Human Macrophages Was Coupled to Altered Cellular Metabolism
To address the molecular mechanism behind the effect of hypoxia on the accumulation of triglyceride-containing cytosolic lipid droplets, we performed DNA microarray analyses. The microarray data discussed in this publication have been deposited in the National Cancer for Biotechnology Information Gene Expression Omnibus and are accessible through GEO Series accession number GSE4630. Exposure of human macrophages to hypoxia increased the expression of ADRP but not of perilipin and tail-interacting protein 47 (Table) . Because ADRP is known to be regulated post-translationally by proteolysis, 15 we also estimated the amount of protein by immunoblot. These results confirmed increased expression of ADRP in macrophages exposed to hypoxia ( Figure 4A ).
The expression of PLD1 and lysophosphatidic acid acyltransferase-␤, which are known to be involved in the production of phosphatidic acid, was uninfluenced by hypoxia (Table) . However, when we investigated the effects of hypoxia on incorporation of [ 3 H]-palmitic acid into phosphatidic acid, we observed a nearly 4-fold increase in the level of phosphatidic acid in cells exposed to hypoxia compared with control cells (Pϭ0.010; Figure 4B ).
The array analyses also showed that 2 key enzymes involved in ␤-oxidation (acyl-coenzyme A [CoA] synthetase and acylCoA dehydrogenase) were downregulated in response to hypoxia (Table) . The results were confirmed by RT-PCR (0.75-fold and 0.69-fold, respectively; both PϽ0.05; nϭ5; Table) . In agreement with this, we observed a significant reduction in the rate of ␤-oxidation (measured as the conversion of [ Table) .
Together, these results indicate that hypoxia can increase the amount of fatty acid available for the biosynthesis of lipids such as triglycerides. In agreement with this, an increased incorporation of [ 3 H]-palmitic acid into triglycerides was seen in cells exposed to hypoxia for 24 hours after 5-minute, 15-minute, and 30-minute (Pϭ0.0028) incubation with the radiolabeled fatty acid ( Figure 5B) .
Hypoxia had no effect on the uptake of 2-deoxy-D- [2, H]-glucose in the cell (supplemental Figure IIA) . As expected, hypoxia was shown to increase anaerobic metabolism in the cell, as measured by increased lactate production (supplemental Figure IIB) . Hypoxia did not influence hydrolysis of triglycerides in the cytosol (supplemental Figure IIC and IID) .
Discussion
Our results indicate that the hypoxia present in atherosclerotic lesions has the capacity to increase the pool of cytosolic lipid droplets in human macrophages. We observed a predominant accumulation of triglycerides after exposure to hypoxia. This contrasts with macrophages isolated from human atherosclerotic plaques, which predominantly contain cholesterol esters. 16 It is well known that cells in atherosclerotic lesions are exposed to oxidized lipoproteins, 14, 17 preferentially oxLDL, and that such exposure is involved in the formation of foam cells. Previous studies have shown that human macrophages incubated with oxLDL accumulate cholesterol esters. 18 We therefore investigated the effect of oxLDL in our cultured human macrophages to address whether such treatment results in the predominant accumulation of triglycerides or cholesterol esters. Exposure to oxLDL increased the pool of cytosolic lipid droplets and cholesterol esters in the cultured macrophages, observations that verified previous results. 18 Although macrophages isolated from the atherosclerotic lesion contain predominantly cholesterol esters, they also contain substantial amounts of triglycerides. 16 We observed that when human macrophages were exposed to both oxLDL and hypoxia, there was an additional increase in the pool of lipid droplets when compared with cells exposed to oxLDL alone. This additional effect could be explained by the increased accumulation of triglycerides rather than cholesterol esters. Although our results should be extrapolated carefully to the in vivo situation, they suggest that hypoxia could induce an accumulation of triglycerides in human macrophages and could partly explain why not only cholesterol esters but also triglycerides accumulate in the atherosclerotic plaque. 16 Why does lipid accumulate during hypoxia? Previous studies have shown that hypoxia gives rise to an inflammatory response in macrophages, with increased production of interleukins. 10 It has also been demonstrated that the inflammatory response in leukocytes involves increased production of lipid droplets, and that the enzymes involved in the biosynthesis of eicosanoids, which are mediators of inflammation, are localized around the lipid droplets. 12 Furthermore, hypoxia increases oxidation of arachidonic acid in macrophages, leading to increased levels of the eicosanoid 15-hydroxy eicosatetraenoic acid, which is the main product of 15-lipoxygenase-2 activity. 9 Thus, the accumulation of lipids in macrophages during hypoxia may be part of the inflammatory response, in turn indicating that such a response involves increased lipid production attributable to an increase in phosphatidic acid levels in the cell.
To investigate the molecular mechanism underlying hypoxia-induced triglyceride accumulation, we performed DNA microarray analyses. We demonstrated that hypoxia increased ADRP expression, which has the potential to enhance the formation of cytosolic lipid droplets. 19, 20 However, ADRP is regulated not only transcriptionally but also by post-translational proteosomal degradation. 15 Thus, it was important to analyze the amount of protein using immunoblot, which confirmed an increase in ADRP levels. Post-translational degradation increases when the cell is depleted of neutral lipids, 21 and it is therefore possible that the increase in ADRP levels reflects the increased production of triglycerides seen after exposure to hypoxia. However, previous studies have shown that an increased expression of ADRP per se results in an increased accumulation of cytosolic lipid droplets. 19, 20 After exposure of macrophages to hypoxia in our studies, levels of phosphatidic acid were shown to increase. Both phosphatidic acid and PLD1 have been shown to play a role in the assembly of lipid droplets. 4, 6 However, we could not detect any effect of hypoxia on the expression of PLD1 nor on lysophosphatidic acid acyltransferase-␤, enzymes that are involved in the generation of phosphatidic acid. It should be noted that PLD1 activity is highly regulated post-translationally 22 and is present in signal pathways such as that from insulin. 4 The array analyses also indicated that hypoxia could influence the expression of genes important for increasing the availability of fatty acids in the cell. We observed downregulation of 2 enzymes that are important in ␤-oxidation (acyl-CoA synthetase and acyl-CoA dehydrogenase). In agreement with these findings, we measured a significant reduction in the rate of ␤-oxidation in cells exposed to hypoxia. Hypoxia was also shown to increase the expression of stearoyl-CoA desaturase. Overexpression of this gene has been linked to increased accumulation of triglycerides in skeletal muscle during type 2 diabetes. 23 These findings indicate that hypoxia results in metabolic changes that have the potential to increase the amount of fatty acids available for the biosynthesis of triglycerides and cholesterol esters.
The results discussed above indicate that the hypoxia that exists in an atherosclerotic plaque can induce metabolic changes in human macrophages, resulting in an increased storage of triglycerides and the pool of lipid droplets. This opens the possibility that macrophages may be influenced not only by uptake of cholesterol from oxLDL but also by fatty acids reaching the cell by lipolysis of very low-density lipoprotein 1 (VLDL 1) and chylomicrones (or even by the lysosomal degradation of oxLDL). This may contribute to the acceleration of atherosclerosis in conditions of elevated VLDL triglycerides (production of VLDL 1). 24 One such situation is insulin resistance. Moreover, a direct influence of fatty acids on macrophages in the arterial wall may be one of the reasons why hypertriglyceridemia is an independent risk factor in cardiovascular disease. 25, 26 The effect of hypoxia on macrophages demonstrated in this article could play a role in situations other than atherosclerotic lesions. Tissue and cellular hypoxia is suggested to be of importance in various inflamed, diseased tissues such as malignant tumors, wounds, sites of bacterial infection, and adipose tissue. 27, 28 Macrophages accumulate in such sites and respond to the hypoxia present with altered gene expression and inflammation. Interestingly, more macrophages are found in ischemic hearts than in control hearts. 29 Moreover, there is an increased formation of lipid droplets and a predominant accumulation of triglycerides in hypoxic human hearts compared with controls. 30 In summary, exposure of human macrophages to hypoxia resulted in an increased accumulation of cytosolic lipid droplets containing triglycerides. This accumulation was attributable to increased triglyceride biosynthesis, reduced ␤-oxidation of fatty acids, and increased expression of ADRP.
DNA Microarray and Real-Time RT-PCR Analysis of Gene Expression in Macrophages Subjected to Hypoxia
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Total RNA was isolated with the RNeasy kit (Qiagen) from macrophages incubated under normoxia or hypoxia for 24 hours. Two micrograms of RNA from each of 4 donors incubated under normoxia, and from each of 4 donors under hypoxia, were pooled separately, and these 2 pools were used for the target preparation and analyzed on duplicate DNA microarrays (Hu95A; Affymetrix, Santa Clara, CA). Target preparation, DNA microarray hybridization, and scanning were performed as described previously 3 . Scanned output files were analyzed with MAS5 software (Affymetrix) and globally scaled to an average intensity of 500.
Comparisons were made between the results from the duplicate DNA microarrays used for analysis of the macrophages incubated under hypoxia, and from the duplicate DNA microarrays used for analysis of the control macrophages (i.e. normoxia), generating a total of four comparisons. The DNA microarray data discussed in this publication have been deposited in NCBIs Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE4630. Reverse transcription of RNA was performed using random hexamer primers. cDNA was analyzed in a ABI PRISM 7700, and re-calculated to pg cDNA by using a standard curve for each gene. Values were normalized to beta-actin, which was not changed by treatment.
Quantification of Oil Red O-Stained Lipid Droplets
Quantification of the total Oil Red O surface area was performed as described in 4 . Briefly, cells were grown on chamber slides (Lab-Tek Systems) and stained with Oil Red O and hematoxylin prior to being viewed with a Zeiss epifluorescence microscope. Twenty images were obtained, digitized (TIFF format; with a resolution of 8 pixels/µm), and analyzed for red pixels (lipid droplets) using BioPix software (see www.biopix.se for further information).
Beta oxidation and triglyceride synthesis assay
The β-oxidation assay was performed as described previously 5 . Briefly, cells were incubated with medium containing 0.5 µCi/mL [ 3 H]-palmitate with 1% fatty acid-free BSA and 110 μmol/L palmitic acid for 105 min. The medium was then collected, and fatty acids were precipitated with perchloric acid and a high concentration of BSA. The precipitation procedure was repeated three times. The unprecipitated medium (containing metabolites of β-oxidation) was then analyzed for radioactivity. The triglyceride synthesis assay was performed as described 6 . Briefly, cells was incubated indicated times with medium containing 1 µCi/mL [ 3 H]-palmitate. Cells were then washed twice, scraped, lipid was extracted and triglycerides were separated with thin layer chromatography. Finally, triglycerides were analyzed for radioactivity.
Phosphatidic Acid Analysis
The isolation and quantification of radiolabeled phosphatidic acid was carried out as described previously 7 , with the exception that cells were labeled with [ Supplementary Figure II 
